• Motor training results in trained forelimb map plasticity in ipsilateral cortex.
Introduction
Skilled motor training causes reorganization of movement representation maps in the motor cortex contralateral to the trained limb [1] [2] [3] [4] . This reorganization is specific to the trained movement, control in both healthy and injured conditions, little is known about how motor training affects plasticity in the ipsilateral hemisphere.
We hypothesized that unilateral skilled motor training would increase the representation of the trained forelimb in the ipsilateral motor cortex. To test this, we trained rats to perform the isometric pull task, which involves skilled usage of the right forelimb. After several weeks of training, standard ICMS was used to derive motor cortex organization in the right hemisphere (ipsilateral to the trained limb) in trained rats and untrained controls.
We found that training increases the area representing the trained forelimb in ipsilateral motor cortex. Additionally, we observed that these map changes are transient despite continued training, similar to reports examining the motor cortex contralateral to the trained limb [16] . This study documents novel cortical map plasticity of trained forelimb representations in ipsilateral motor cortex and may inform strategies to enhance ipsilateral reorganization to support recovery after unilateral brain injury.
Methods

Subjects
Seventeen adult female Sprague-Dawley rats were used. All rats were 4-5 months old and weighed at least 250 g at the beginning of the experiment. Rats were food deprived to no less than 85% of their normal body weight throughout the experiment. 85% of normal body weight was calculated using each rat's weight at the beginning of the experiment. The rats were housed in a reverse 12:12 h light cycle. All handling, housing, surgical procedures, and behavioral training of the rats were approved by the University of Texas Institutional Animal Care and Use Committee.
Experimental design
The rats were separated into three experimental groups: untrained controls (n = 6), 3-months training (n = 6), and 6-months training (n = 5). Each of the training groups performed the isometric pull task for two 30 min sessions each day, 5 days per week ( Fig. 1A and B) . Rats in the 3-month training group were trained for 11-13 weeks, and rats in the 6-month training group were trained for 22-24 weeks. Untrained rats underwent ICMS mapping to document baseline cortical representations. After completion of the prescribed duration of training, all rats underwent ICMS to investigate right-sided movement representations in the ipsilateral (right) hemisphere (Fig. 1C) . Both untrained and trained rats were between 7 and 10 months of age at the time of ICMS.
Behavioral apparatus
The behavioral apparatus and software were used as described in previous studies [17] [18] [19] [20] . The isometric pull task is designed to assess overall skilled forelimb function and volitional forelimb strength. The apparatus consisted of an acrylic box (25.4 × 30.5 × 12.1 cm) (MotoTrak Base Cage, Vulintus, Inc., Dallas, TX). The box contained a slot in the front right corner that the rat could reach through to access an aluminum pull handle. The slot was sized and positioned such that rats could only reach and pull using their right forelimb. For fully trained rats, the pull handle was centered in the slot at a height of 6.4 cm from the cage floor and 1.9 cm outside the cage relative to the inner cage wall. The aluminum handle was connected to a force transducer that could measure pull force with sub-gram accuracy (Pull Behavior Module, Vulintus, Inc., Dallas, TX). The force transducers were inspected daily and recalibrated when necessary. Matlab software was used to control the behavioral apparatus. A microprocessor controller (Controller, Vulintus, Inc., Dallas, TX) sampled the force transducer at 100 Hz and sent the information to the Matlab software which displayed the data on screen, controlled the behavior session, and saved the data to permanent files.
Behavioral training
Rats underwent training for two 30-min sessions per day, five days per week, with at least 2 h between daily sessions. In initial training sessions, shaping procedures were similar to those previously described [17] [18] [19] [20] . Rats were trained to pull on the handle with at least 120 g of force, and single reward pellets were dispensed following successful trials (45 mg dustless precision pellet, BioServ, Frenchtown, NJ). If rats did not receive at least 50 pellets per day, they were given 10 g of additional pellets after daily training sessions were completed.
A trial was initiated when at least 10 g of force were applied to the pull handle. After initiation, the force on the pull handle was sampled for 4 s. If the 120 g force threshold was met within a 2 s window after force initiation, the trial was recorded as a success and a reward pellet was delivered. If the force threshold was not reached within 2 s, the trial was recorded as a failure and no reward was delivered. No difference in number of trials per day was observed between the 3-months and 6-months training groups. (B) By the third week of training, both groups demonstrated stable performance, consistently reaching forces higher than the 120 g threshold. No differences in pull force were observed between training groups. Open circles denote weeks during which rats were removed for ICMS, resulting in a lower n at these time points. The 3-months training group had n = 5 at week 12 and n = 2 at week 13. The 6-months training group had n = 4 at week 23 and n = 2 at week 24.
Intracortical microstimulation procedure
After the completion of training, standard short-duration ICMS [21, 22] was performed in the right hemisphere, and both leftside (contralateral) and right-sided (ipsilateral) movements were evaluated by an experimenter blinded to the rat's experimental condition. Rats were anesthetized with a cocktail of ketamine hydrochloride (50 mg/kg), xylazine (20 mg/kg), and acepromazine (5 mg/kg) injected intramuscularly. Supplemental doses were administered as required to maintain a constant level of anesthesia based on observations of whisking, toe-pinch response, and oxygen saturation.
After placing the rat in the stereotaxic frame, a craniotomy and duratomy were performed to expose motor cortex in the right hemisphere (4 mm to −3 mm AP, and 0.25 mm to 5 mm ML). A tungsten electrode (impedance less than 1 M ) was inserted to a depth of 1.8 mm into the cortex. Electrode penetrations were performed along a grid with each site spaced 500 m apart. Stimulation sites were chosen randomly, with an effort made to ensure that each site was at least 1 mm in distance from the immediately previous penetration. Each stimulation consisted of a 40 ms pulse train of ten 200-s monophasic cathodal pulses delivered at 286 Hz [21, 22] . A maximum stimulation intensity of 300 A was used to determine the presence of any ipsilateral (right) forelimb response to stimulation. The maximum stimulation intensity was chosen based on previous studies evaluating ipsilateral motor responses [5, 9] . The current was then lowered to find the threshold current at which movement was observed. After determining the presence of an ipsilateral forelimb response, the current was once again lowered until a threshold could be found for any contralateral (left) motor movements associated with the stimulation site. If no ipsilateral or contralateral movement was observed at the maximal stimulation intensity, then the site was deemed nonresponsive. The borders of motor cortex were defined based on nonresponsive sites on all sides.
Blind motor mapping procedures were performed with two experimenters, such that the experimenter classifying the movement was blind to treatment group and electrode location. The first experimenter would place the electrode and record data; the second experimenter would deliver stimulation and classify responses. Each site was classified based on the part of the body that moved at the threshold stimulation current. Movements were divided into the following categories: head, forelimb, and hindlimb. Jaw, vibrissae, and neck movement were recorded as head movement. Movement of the digits, wrist, elbow, and shoulder were classified as forelimb movement. Cortical area was calculated by multiplying the number of sites eliciting a response by 0.25 mm 2 (0.5 mm × 0.5 mm). Individual map data for all subjects can be found in the online supplement.
Statistical analysis
Behavioral data obtained with the isometric pull task was analyzed using Matlab software similar to previous descriptions [17] [18] [19] [20] . Training groups were compared across time using a repeated-measures ANOVA. Mapping data was compared across groups using one-way ANOVA followed by post hoc unpaired ttests, Bonferroni corrected for multiple comparisons to an adjusted cut-off value of ␣ = 0.0167. In Fig. 3 , heat maps indicate the probability of observing an ipsilateral forelimb response at each site in motor cortex within each group. These heat maps were generated by summing the total number of within-group ipsilateral forelimb responses at each site and then dividing by the total number of rats in each group. This yielded a probability of observing a within-group response at each site, and these were plotted onto the heat map with warmer colors indicating greater probabilities. Two-dimensional interpolation was performed to smooth the heat map, with 5 interpolation points being positioned between each penetration site.
Results
Rats rapidly acquired and consistently performed the pull task
Rats in both training groups acquired the pull task quickly. By the end of the first week of training, rats were performing an average of 141 ± 19 trials each day. By the second week, rats were performing 273 ± 21 trials each day. From that point forward, the number of daily trials remained consistent at this level for the duration of training. Rats were randomly assigned groups to undergo training for either 3 months or 6 months (Fig. 1A) . No significant differences in total trials were observed between the two different groups of trained rats during the first 3 months of training (repeated-measures ANOVA, F(1, 63) = 2.56, p = 0.11; Fig. 2A ). (C) Group heat plots demonstrating the probability that any individual location in the motor cortex will evoke an ipsilateral forelimb response. After 3 months of training, stimulation has a higher probability to evoke an ipsilateral forelimb movement. The grey dot in each representative map, and the white dot in each heat map, represent the location of bregma. Each location marked with an X panels A and B represents an unresponsive site.
Rats maintained high pull forces throughout training
Pull force steadily increased during the first three weeks of training across both groups. After the third week, pull force reached an asymptote and remained stable throughout the rest of the training period. By the third week of training, daily maximal pull force of rats averaged 152.2 ± 6.3 g. There were no significant differences in pull force between the two training groups during the initial 3 months of training (repeated-measures ANOVA, F(1, 63) = 3.02, p = 0.087; Fig. 2B ). Additionally, between the initial 3 months and the end of training, rats in the 6-months training group experienced no change in pull force (repeated-measures ANOVA from week 13 to week 24 of the 6-months training rats, F(11, 44) = 0.22, p = 0.99). This indicates that performance was not different between groups and remained highly stable over long periods of time.
Pull training results in increased ipsilateral cortical area representing the trained forelimb
At the completion of the prescribed duration of training, all rats underwent ICMS to determine whether training results in expansion of trained forelimb representation in the ipsilateral hemisphere (Fig. 1C ). An additional group of untrained control rats were mapped to derive baseline cortical movement representations. Fig. 3A and B illustrate example ipsilateral and contralateral maps from each group. Individual map data for each subject can be found in the online supplement. An analysis of variance revealed a significant effect of pull training on ipsilateral cortical area representing the trained forelimb (F(2, 14) = 7.95, p = 0.0049). Post-hoc tests demonstrated that rats in the 3-month training group had significantly greater cortical representation of the right forelimb than untrained control rats (untrained controls = 1.54 ± 0.35 mm 2 , 3-months training = 3.25 ± 0.31 mm 2 , unpaired t-test, p = 0.0044). Fig. 3C shows heat maps that illustrate the respective probabilities that any site in motor cortex would elicit an ipsilateral forelimb response in the experimental groups. The group of untrained controls had 0.75 mm 2 of cortical area with at least 50% probability of evoking an ipsilateral forelimb movement, while the 3-months training group had 3.25 mm 2 of cortical area with at least 50% probability of evoking an ipsilateral forelimb movement. These results indicate that training on the pull task drives map plasticity in motor cortex ipsilateral to the trained limb.
Previous studies in the contralateral hemisphere indicate that training-dependent map plasticity is transient and renormalizes despite continued training [16] . We examined whether the ipsilateral motor cortex exhibited a similar normalization of map representations. Ipsilateral forelimb map area was significantly smaller in rats trained for 6 months than in rats trained for 3 months (6-months training = 1.85 ± 0.32 mm 2 , unpaired t-test vs 3-months training, p = 0.012; Fig. 4A ). Moreover, ipsilateral cortical representation of the trained forelimb in the 6-month training group was comparable to untrained controls (unpaired t-test, p = 0.54). The 6 month training group had 0.25 mm 2 of cortical area with at least 50% probability of evoking ipsilateral movement, similar to levels observed in untrained controls (Fig. 3C) . These results suggest that normalization of trained forelimb maps within ipsilateral cortex occurs despite continued training.
Although there was an expansion of cortical representation of the trained forelimb in the ipsilateral hemisphere, no changes were observed in movement representations corresponding to the untrained, contralateral limb within that same hemisphere (untrained controls = 8.0 ± 0.6 mm 2 , 3-months training = 8.1 ± 0.5 mm 2 , 6-months training = 8.2 ± 0.5 mm 2 ; F(2, 14) = 0.03, p = 0.97). Additionally, we did not observe any significant differences in contralateral hindlimb representations (F(2, 14) = 0.84, p = 0.45) or total area representing all contralateral movements (F(2, 14) = 1.92, p = 0.18). Fig. 3B shows representative motor maps of contralateral movements derived from the same subjects and same hemisphere shown in Fig. 3A . This further indicates that cortical organization of the untrained, contralateral limbs was not affected by training of the ipsilateral forelimb. These findings demonstrate that cortical reorganization within the right hemisphere (ipsilateral to the trained limb) was specific to the trained right forelimb.
To assess whether ipsilateral shoulder, proximal, or distal forelimb map representations were differentially affected by skilled motor training, we analyzed these separate responses as a percentage of total ipsilateral forelimb responses. We did not observe any significant changes in the percentage of ipsilateral responses that were distal forelimb, proximal forelimb, or shoulder responses, respectively (distal: F (2, 14) Fig. 4B ). Similar to previous studies [5] , ipsilateral forelimb response thresholds were significantly greater than contralateral forelimb response thresholds across corresponding stimulation sites (All ipsilateral response thresholds = 192.30 ± 5.0 A, corresponding contralateral response thresholds = 86.74 ± 3.3 A; paired t-test, p = 5.6 × 10 −51 ). Fig. 4B shows threshold currents of ipsilateral and contralateral forelimb responses at corresponding sites and between groups. No significant differences between groups were observed in threshold amplitudes of contralateral forelimb responses at sites that also had ipsilateral forelimb responses (untrained controls = 90.87 ± 11.1 A, 3-months training = 78.75 ± 8.9 A, 6-months training = 95.45 ± 12.6 A; F(2, 14) = 0.64, p = 0.54; Fig. 4B ). Additionally, no significant differences between groups were observed in threshold amplitudes evoking responses of the contralateral, untrained forelimb (untrained controls = 134.25 ± 5.6 A, 3-months training = 123.81 ± 5.8 A, 6-months training = 125.11 ± 13.1 A; F(2, 14) = 0.5, p = 0.62). These results indicate that training did not result in significant changes to cortical response threshold within the ipsilateral hemisphere.
To determine whether performance on the pull task was associated with trained forelimb cortical map area, a Pearson correlation analysis was used to compare total ipsilateral cortical forelimb area and maximal force used during the last five days of training. No correlation was observed in either group between maximal pull force and total cortical area representing the trained forelimb (3-months training: r = 0.15, p = 0.76, 6-months training: r = 0.04, p = 0.94), nor in all trained rats as a whole (r = 0.31, p = 0.36). Additionally, there was also no correlation in all rats and in each training group between total ipsilateral forelimb map area and variance in pull force (all rats: r = −0.08, p = 0.81; 3-months training: r = −0.22, p = 0.68, 6-months training: r = −0.14, p = 0.82). This suggests that performance on the isometric pull task is maintained despite normalization of motor map representations.
Discussion
In this study, we demonstrate that skilled forelimb training results in expansion of forelimb movement representation maps in the ipsilateral motor cortex. This reorganization is present even after three months of training, several weeks after the task was initially learned. After six months of training, movement representations were indistinguishable from untrained controls, suggesting a normalization of this movement representation. Ipsilateral cortical area representing the trained forelimb was not correlated with motor performance. Similar to previous studies, organization of the untrained limb within the ipsilateral hemisphere was not affected by training [23] .
The cortical reorganization observed in this study corroborates what has previously been found to occur in the contralateral hemisphere. Skilled motor training results in reorganization of movement representations in the contralateral motor cortex [1, 4, 16, 24, 25] . This reorganization is specific to the trained limb [1, 2] . Training-dependent expansion of movement representations is transient, and map sizes renormalize after a period of time in spite of continued training [16] . Previous studies have investigated map reorganization during the learning phase of task training, however, in this study we chose to investigate map reorganization after the task was already well-learned and rats had achieved a stable level of performance on the task. The results of this study, show expansion and normalization at different time-points than what has been observed in previous studies [1, 4, 16] . It is possible that the rate of expansion and normalization is influenced by many factors including hemispheric differences, task difficulty, or motivation. Indeed, previous studies indicate that skilled learning-induced potentiation, which is associated with an increase in map area, is not induced within the ipsilateral motor cortex in the first two weeks of training [26, 27] . Therefore, it is likely that these changes in ipsilateral representations occur after the initial learning phase of the motor task, and are accompanied by a similar process of potentiation at this later phase. Regardless of the factors that influence the timing of map dynamics, we observed transient, training-specific expansion and normalization of movement representations in the motor cortex ipsilateral to the trained forelimb similar to what has been previously observed in the contralateral motor cortex.
Although the majority of forelimb motor studies have focused on control of the contralateral limb, previous studies have indicated the presence of functionally-relevant motor control from the ipsilateral motor cortex. Brus-Ramer et al. (2009) demonstrated the presence of ipsilateral cortical motor maps in untrained rats. Based on their study, these ipsilateral motor responses seem primarily dependent on the presence of interhemispheric connections, because inactivation of contralateral pathways inhibits the capacity of the ipsilateral hemisphere to elicit forelimb movement. Despite this, evidence suggests that latent ipsilateral corticospinal connections exist that may be important for direct ipsilateral control [5] . The present study builds on these findings and indicates that movement representations in ipsilateral motor cortex undergo training-dependent plasticity. This study is limited in that we cannot disambiguate whether this training-dependent plasticity represents strengthened interhemispheric connections, altered connectivity within latent ipsilateral efferents, or a combination of both mechanisms. Future studies may use a combination of intracortical microstimulation and tract tracing techniques to evaluate whether ipsilateral cortical reorganization is due to strengthening direct corticospinal projections or interhemispheric connections. Regardless, this study demonstrates that ipsilateral motor cortex displays transient, training-dependent expansion of movement representations.
Cortical plasticity is important for supporting recovery after brain injury. It is well documented that there is significant reorganization in both the ipsilesional and the contralesional hemispheres after brain injury [9, 13, [28] [29] [30] [31] . This study indicates that skilled training can influence plasticity in the ipsilateral hemisphere; this training-dependent ipsilateral plasticity may interact with contralesional plasticity after unilateral brain injury to influence functional recovery. Further studies are needed to document the interaction of these effects.
This study supports previous findings that indicate task performance is maintained after map normalization, and performance is not dependent on total cortical map area [16, 32] , but it does not rule out that map reorganization plays a role in task acquisition or motor rehabilitation. Because map expansion is often observed earlier in training, the extent of reorganization may initially be related to performance while still actively learning a skilled task. Additionally, motor rehabilitation after brain injury also promotes cortical reorganization [33] , and some previous studies have demonstrated that the amount of post-injury training-dependent reorganization is associated with motor recovery [31, 34] . The Expansion-Renormalization hypothesis [35] theorizes that both expansion and normalization of cortical maps occur normally with learning, and that this process allows for the selection of optimal neural circuits to performed trained tasks. Our results indicate that a similar selection process may occur in the motor cortex ipsilateral to the trained limb, although our results indicate that the timing of expansion and normalization may differ in the ipsilateral hemisphere than in the contralateral hemisphere, and may not be directly coincident with the learning process.
In this study, we report that skilled motor training results in transient map plasticity in the ipsilateral hemisphere. Map expansion within the ipsilateral hemisphere occurs within 3 months of the onset of skilled training. At 6 months, forelimb map representations have renormalized to control levels in spite of continued training. Other movement representations and representations of the untrained contralateral limb were unchanged. Motor performance was not correlated with map area. This study provides new insight into ipsilateral motor cortex map plasticity in response to training on a skilled motor task. These results may have important implications for future studies that investigate training-dependent plasticity and motor recovery after brain injury.
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